The existing theoretical models of heating by concentrated sources with a high energy density generally describe processes with deep penetration welding of part surfaces. The purpose of this study is to identify the factors that have a major effect on hardening of parts through heat treatment with a high-speed or pulsed scanning stationary heat source, which creates a uniform temperature field. Using methods of regression analysis, the authors derived equations for calculating the hardening depth in the proposed hardening process, the rate and time of steel cooling in a critical temperature range. The paper presents the calculated parameters of the hardening process in which parts, including wheel flanges of locomotives, are heated by a plasma arc in nitrogen. The findings can be used to reduce costs of complex experiments aimed at selecting surface heat hardening parameters to increase the service life of locomotive mechanical parts.
Introduction
Different types of hardening are used to improve the reliability of steel parts throughout the entire life cycle. At present, surface hardening of steels by powerful concentrated energy sources, such as a laser beam and plasma arc, have been widely adopted. In order to avoid surface melting and increasing the area to be treated, heat source scanning is used. A plasma arc with transverse electromagnetic oscillations is widely used to harden various mechanical parts of locomotives made of carbon steels, including wheel flanges [1] .
A review of foreign [1] [2] [3] [4] [5] [6] [7] [8] and Russian [9] [10] [11] [12] studies shows that heating parameters for concentrated sources with a high energy density are chosen on the basis of deep penetration welding procedures [2] [3] [4] or determined empirically [5] . After a part is hardened, a hardness profile of the hardened layer is measured using a destructive method. The procedure is repeated until the required depth and hardness of the thermally hardened layer are achieved. This requires considerable time and money. The most common techniques include low-temperature plasma nitriding [2, 3] and plasma heat treatment [4, 11] . The key factors influencing hardening of steel parts, however, have not yet been established.
The purpose of this study is to identify the factors that have a major effect on hardening a part through heat treatment with a high-speed or pulsed scanning stationary heat source. 02020 (2018) https://doi.org/10.1051/matecconf/201821602020 Polytransport Systems-2018 The scientific novelty of the paper is a method designed to calculate steel hardening parameters for locomotive parts through heat treatment with a high-speed or pulsed scanning stationary heat source, which creates a uniform temperature field.
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Selection of a calculation methodology
To calculate parameters of temperature fields, we can use an equation [4] that describes heating of a semi-infinite body for an instantaneous source: , π γ where Т is the temperature; Q is the energy density; с is the specific heat capacity;  is the density of steel; a is the coefficient of thermal diffusivity; t is the time of heat propagation; z is the depth from the body surface.
When different mechanical parts of the locomotive are hardened with a plasma arc (K = 1.4 cm/s; δ = 2.8 cm; a = 0.08 cm 2 /s [10] ), the conditions Kδ/4 a = 12.25 is satisfied. Therefore, the solution to the equation (1) can be used. The same solution is applicable to deep layers. For example, the thickness of a hardened layer (2 mm) for wheelsets is small compared to the thickness of a flange (maximum: 33, minimum: 25-28 mm).
Define a heat flux as q = ηN/S and the arc time as t 0 , where η is the efficiency of a heat source; N is the power of a heat source; S is the area of heat treatment. For a heat source moving at a speed V, N = UI, (U is the voltage, I is the arc current), S = bd (b is the oscillation width of the arc, d is the effective arc diameter,
During the operation of the plasma arc that generates the heat flux q, at a time point t, for the period dt', the energy dQ = qdt' will be emitted ( By substituting dQ into (1), we obtain an equation for temperature change
where B = t at t < t 0 and B = t 0 at t  t 0 ; Т 0 is the initial temperature; t' is the heating time.
It is clear that the maximum temperature (T m ) is reached on the surface (at z = 0) at the end of heat treatment t = t 0 . We can easily obtain it by integrating (2):
Let us introduce relative parameters: time  = t/t 0 ; operating time of the source ' = t'/t 0 ; depth Z = z/(4 < at 0 ) 1/2 ; temperature θ = (T -T 0 )/(T m -T 0 ). The expression (2) can be written as:
where В =  at  < 1 and В = 1 at  ≥ 1.
For the surface Z = 0, the integral (4) can be finally expressed as:
The expressions (4), (5) and (6) have the same form for stationary pulsed and highspeed sources.
Calculation of heat hardening parameters
It is reasonable to use numerical methods for calculating thermal conductivity parameters. Results of calculations with the equations (4), (5) and (6) For a moving heat source, it is more convenient to count the time from the end of the exposure to the source (the surface temperature is maximal). The relative temperature in a new coordinate system can be written as: (7) for points at a certain depth of the part (body), and
for points on the surface of the part (body). The residence time of metal in austenite state t а is very important in the heat hardening process for locomotive mechanical parts [12] :
In the equation (10) By substituting (11) into (7), we can determine θ т . The relative parameters calculated with the equations (7) and (11) are given in Table 1 . In this case, the hardening depth can be limited toZ = 0.4. The relative time  т and maximum relative heating depth Z m calculated at Т 0 = 950 °С and Т т = 1,000-1,500 °С are given in Table 2 . As it can be seen from Table 2 and Figure 4b , when the heating surface temperature of the part falls from 1,500 to 1,000 °C, the heating depth decreases tenfold. Therefore, maintaining the required surface temperature is the key factor for high-quality hardening of locomotive mechanical parts.
Based on the calculated values given in Tables 1 and 2 , an equation for calculating the hardening depth was derived using regression analysis [5, 13] .
When using the approximate equation (12) in calculations, the maximum relative error is equal to 0.003 in the most common depth range Z = 0.1-0.3.
When analyzing the hardening process for a band of grade 2 in [14] , the authors of the study [15] consider the cooling time t 8/5 in a temperature range of 800 to 500 °С and the band cooling rate in a temperature range of 600 to 500 °С. The relative cooling time in the body (at a depth) can be expressed by the relation  8/5 =  500 - 800 . Relative times  500 ,  550 and  800 are calculated by the formulas (9) and (10) . The relative cooling rate of the part in the body can be defined as: The relative values of time  8/5 and rate W 550 , determined as a function of the maximum surface heating temperature Т т at Т а = 950 °С and Т 0 = 0 °С, are given in Table 3 and Figure 5 . in a temperature range 800-500 °С; b -relative cooling rate W at 550 °С.
As it can be seen from Figure 5 , the dependences in the body and on the surface are almost identical. This means that various layers of the part follow a similar cooling pattern at different heating temperatures. Hence, hardening of the part through heat treatment with a high-speed or pulsed scanning stationary heat source is mainly determined by two factors: the maximum temperature and the surface heating time.
Since the heating time is defined as a ratio of the diameter of the heat source to the speed of the source itself, the following parameters should be maintained constant to ensure the high-quality hardening process: 1) arc current and voltage that affect the effective diameter of the heat source; 2) constant speed of the source.
Conclusion
As a result of the studies, the key factors that influence hardening of steel locomotive parts were determined. Mathematical expressions were obtained for calculating the hardening depth, cooling time and rate of steels in a critical temperature range generated by a scanning stationary heat source, which creates a uniform temperature field. These findings should be compared with experimental data, results of computer-aided 3D modeling of dynamics and kinematics of the hardening process, and other hardening methods (e.g., electric arc).
